ABSTRACT
INTRODUCTION
Epidemiological studies have shown an inverse association between cruciferous vegetable intake and cancer risk in many tissues, including lung, bladder, colon and prostate (1) (2) (3) (4) . Cruciferous vegetables contain high concentrations of glucosinolates, which are hydrolyzed to isothiocyanates (ITCs) by myrosinase, an enzyme endogenous in the plant and present in colonic microflora (5) . The ITCs have been extensively studied for their anti-cancer properties and have shown promise in preclinical and clinical settings (6) (7) (8) . Sulforaphane (SFN) is a well-studied ITC derived from the glucosinolate glucoraphanin, which is abundant in broccoli and broccoli sprouts. The first identified and most studied mechanism for SFN-mediated chemoprevention is through the induction of phase II enzymes via Nrf2 (nuclear factor erythroid 2 (NF-E2) related factor 2) signaling. Nrf2 is well established as an important mediator of electrophile and reactive oxygen species toxicity (9) . Upon electrophile-or reactive oxygen species-induced cellular stress, Nrf2 is released from cytoplasmic Keap1 and translocates to the nucleus, where it binds antioxidant response element (ARE) sites on many phase I and II metabolism genes and phase III transport genes. The upregulation of antioxidant and xenobiotic metabolism is believed to protect cells from carcinogen and/or oxidative stress exposure by expediting their inactivation and removal via metabolism and excretion. Studies utilizing the Nrf2 −/− mouse have highlighted the importance of Nrf2-mediated phase I, II and III enzyme induction in chemoprevention and its role in SFN-mediated cytoprotection (9) . Importantly, SFN is metabolized through Nrf2-mediated phase II and III proteins, such as glutathione-S-transferase (GST) and multidrug resistance associated protein-1 (10) . Therefore, Nrf2 is believed be to an important player in SFN metabolism and export from the cell. However, it is currently not known what impact, if any, loss of Nrf2 has on SFN metabolism and tissue distribution in vivo. For example, one hypothesis is that Nrf2 target genes (such as GSTs) become induced by SFN and then convert the parent compound to metabolites with important chemopreventive activity, which might be lost in the Nrf2 null background. To date, there is little precise information on the distribution of SFN and its metabolites in various tissues of the body following dietary administration. Pharmacokinetic (PK) studies in rodents have focused on either free SFN or its metabolite SFN-glutathione (SFN-GSH), and they have not attempted to measure other major SFN metabolites (11, 12) . Only one human study included PK analysis of all five major SFN metabolites (13) . In addition, a limited number of studies have examined tissues, such as small intestine and lung, for SFN content (14, 15) . One human study reported dithiocarbamate (a measure of total ITC content) concentrations in mammary tissue after consumption of a broccoli preparation (16) . A comprehensive profiling of SFN bioavailability and tissue distribution in vivo is critical for understanding the potential efficacy of SFN as a dietary chemoprevention agent for various cancers.
Thus, we performed high performance liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analysis of all five SFN metabolites in order to determine SFN metabolism and tissue distribution in both Nrf2
−/− and wildtype mice. SFN has been used in the Nrf2 −/− mouse model (17, 18) , and the present study provides insight into how Nrf2 −/− impacts SFN metabolism. In addition, this is the first study to show tissue-specific concentrations and metabolite profiles after oral SFN administration.
MATERIALS AND METHODS

Materials
R,S-SFN, SFN-GSH, SFN-Cysteine (SFN-Cys) and SFN-N-acetylcysteine (SFN-NAC) were purchased from LKT laboratories (St Paul, MN). Deuterated N-acetylcysteine was synthesized according to Slatter et al. (19) . For synthesis of the internal standard (deuterated SFN-NAC), 0.1 mM SFN, 10 mM deuterated NAC, and 0.04 M phosphate buffer at pH 7.8 were mixed together and stirred for 4 h at room temperature. The mixture was then acidified with 1 N HCl and applied to an equilibrated StrataX 33 μm reverse phase cartridge (Phenomenex, Torrance, CA), washed, and then eluted in 50:50 acetonitrile and water. Trifluoroacetic acid (TFA) was purchased from EMD Chemicals (Darmstadt, Germany). 
Treatment of Animals
LC-MS/MS Analysis
The methods for LC-MS/MS analysis were performed as described in Al Janobi et al. (20) , with minor modifications. For most solid tissues,~50 mg of frozen tissue was homogenized using mortar and pestle and liquid nitrogen. After homogenization, 50 μL of 10% TFA (v/v) in water was added to the sample along with 5 μL of 100 μM internal standard (deuterated SFN-NAC) and vortexed vigorously. The homogenate was frozen at −80°C, then thawed, vortexed vigorously, and centrifuged at 11,600×g at 4°C for 5 min, and the supernatant was subsequently filtered through a 0.2 μm pore size filter. For tissues such as brain and kidney, half of the brain and one entire kidney from each mouse was homogenized and used for metabolite analysis. For plasma, the samples were acidified, centrifuged and filtered as described above.
Ten μL of filtered sample were separated on a Shimadzu Prominence HPLC (Shimadzu, Kyoto, Japan) using a reversed-phase Phenomenex Kinetex PFP 2.6 μm 100Å 100×2.6 mm HPLC column. The flow rate was 0.25 mL/min using 0.1% FA in water (solution A) and 0.1% FA in acetonitrile (solution B). The gradient was as follows: 5% B increasing to 30% over 1.5 min, held at 30% for 1.5 min, washed out with 90% B for 3.5 min, and reequilibrated to 5% B for 3.5 min. The LC eluent was analyzed by an API triple quad mass spectrometer 3200 (Applied Biosystems, Foster City, CA) with electrospray ionization in positive mode. Tandem mass spectrometry using multiple reaction monitoring was used to detect the analytes with the following precursor and product ions: SFN (178>114), SFN-GSH (485>114), SFN-Cysteinylglycine (SFN-CG) (356>114), SFN-Cys (299>114), SFN-NAC (341>114). Spike and recovery experiments using the internal standard confirmed that >80% of all compounds were recovered following the processing protocols outlined. Quantification was performed by using a standard curve ranging from 0.156 to 25 μM. Acquisition and quantification was performed using Analyst software (Applied Biosystems, Carlsbad, CA).
Statistical Analysis
Data are represented as mean ± standard error of the mean (SEM). Differences between groups were compared by twoway ANOVA analysis as indicated in each figure.
RESULTS
In wild-type mice, individual SFN metabolites were quantified in tissues at 2, 6 and 24 h post gavage with SFN or sham control. Nrf2 wild-type mice had SFN metabolites present in all tissues tested after SFN treatment, whereas no SFN metabolites were detected in any tissues from sham-treated mice. Using the sum of all SFN compounds detected, including free SFN, SFN-GSH, SFN-Cys and SFN-NAC, SFN-treated mice exhibited a dose-dependent increase in tissue concentrations (Fig. 1a and b), with concentrations being the highest in the SI, prostate, kidney and lung. In plasma, SFN metabolite concentrations were highest at 2 h but were not detectable by 24 h. Most tissues followed similar kinetics as plasma, with highest concentrations at 2 h and completely cleared by 24 h. Colon, SI, and prostate had higher concentrations at 6 h, and only in the SI and prostate were low levels of metabolites still detectable at 24 h in mice given 20 μmole SFN (Fig. 1) . Analysis of plasma concentrations with the different tissue concentrations revealed that only brain and lung correlated statistically with plasma concentrations (Table 1) , despite the fact that most tissues followed similar kinetics as observed in plasma. No gender differences in SFN metabolism and tissue distribution were observed in the wild-type mice (data not shown).
To determine if the absence of Nrf2 has an impact, we compared the metabolism of SFN between Nrf2 −/− and Nrf2 wild-type mice. Initially, it appeared that the Nrf2
genotype resulted in markedly higher SFN metabolite concentrations; however, upon closer analysis a genotype effect was only apparent in female mice at the 20 μmole dose and 6 h time point. Thus, a comparison between Nrf2 −/− and wild-type male mice at 6 h ( Fig. 2a and b) revealed a significant dose effect but no genotype effect on SFN tissue concentrations in nearly all tissues. Although not statistically significant, the exceptions were kidney and prostate at 5 μmole SFN, which had lower levels in Nrf2 null versus wild-type mice, and brain at the same SFN dose, which had higher levels in the knockout. Similar results were observed at 2 h when comparing male mice across genotypes and female mice across genotypes (data not shown). In female mice administered 5 and 20 μmole SFN, a general trend was observed in which the tissue concentrations were higher in Nrf2 −/− compared with wild-type mice, with certain exceptions (Fig. 3a and b) . Thus, Nrf2 −/− females in the 20 μmole dose group and 6 h time point had drastically higher SFN metabolite concentrations compared to wild-type animals in all tissues, except the SI and colon ( Fig. 3a and b) . A similar trend was observed at the 5 μmole SFN dose in most tissues, with higher metabolite concen- Fig. 4a and b) . Surprisingly, there were no drastic differences across genotype, although at the 2 h time point there was a trend towards more SFN-GSH in the colon, liver, lung, brain and plasma from Nrf2 −/− mice compared to wild-type mice. For some tissues, such as lung and brain, the amount of SFN-NAC increased from the 2 h to 6 h time points. Other tissues, such as SI, prostate, and plasma, did not vary much across genotype, gender, and time. SFN-GSH was the most abundant metabolite in liver, lung and brain, whereas SFN-NAC was the most abundant metabolite in prostate. Interestingly, metabolite ratios in the kidney at 2 h were somewhat variable across gender and genotype, but by 6 h SFN-Cys was the most abundant metabolite in both genders and genotypes. SI, colon, and plasma had a relatively even distribution of SFN-NAC, SFN-GSH and SFN-Cys. Only low concentrations of free SFN were detected, and in a few tissues, with plasma having the highest percentage (<10%). Small quantities of SFN-CG were detected in a few plasma samples (<1%), but not in other tissues.
DISCUSSION
In the present study, we conducted experiments using Nrf2 −/− and Nrf2 wild-type mice to determine the metabolism and tissue distribution of SFN following oral administration. Using LC-MS/MS analysis we sought to quantify SFN and four major metabolites (SFN-GSH, SFN-CG, SFN-Cys and SFN-NAC) in plasma, SI, colon, liver, kidney, lung, brain and prostate. Most studies in rodents and humans have reported peak plasma concentrations of SFN and its metabolites occurring between 1 and 3 h after SFN administration (11) (12) (13) . Following SFN gavage, SFN metabolites were detected in all tissues at 2 and 6 h, and a dose-dependent increase in tissue concentrations was observed in all tissues except for the prostate. In liver, kidney, lung, brain, and plasma, the highest concentrations were at 2 h, but in SI, colon, and prostate, the highest concentrations were at 6 h. This indicated that SFN metabolites may be accumulating in certain tissues and that peak plasma concentrations do not always align precisely with target tissues of major cancers, such as prostate and colon. Although no gender difference was observed in SFN metabolism in the wild-type mice, in Nrf2 −/− mice at the higher dose and 6 h time point there was a marked increase in tissue concentrations in the female mice compared to the male mice, and a similar trend also was seen at the lower SFN dose. Interestingly, the relative abundance of each metabolite was not strikingly different between genders and genotypes, despite some variability on a case-by-case basis. This study is the first to show detailed LC-MS/MS analysis of SFN metabolites in mouse tissues and to compare SFN metabolite profiles between Nrf2
−/− and wild-type mice. Although there have been several studies showing PK of SFN in rodents and humans, tissue distribution is still largely unknown. Herein, we report that the tissue concentrations of SFN metabolites vary as much as 100-fold between different tissues. For example, SI had the highest concentration at 0.355 nmole SFN metabolites/mg of tissue, whereas brain had 0.003 nmole SFN metabolites/mg of tissue (Fig. 1) . It has been reported that 74% of an SFN dose was absorbed in human jejunum (21) , so high concentrations in the SI are likely not a result of poor bioavailability, although we did not directly test that here. Currently, little is known regarding the ability of SFN metabolites to cross the blood-brain barrier, but here we report low concentration in the brain, which likely indicates that SFN metabolites do not readily cross the blood-brain barrier. Tissues such as liver, kidney, lung and prostate had comparable concentrations at 2 h, ranging from 0.075 nmole SFN metabolites/mg of tissue in lung to 0.041 nmole SFN metabolites/mg of tissue in liver. The abundance of individual metabolites also varied between tissues. SFN-GSH, SFN-Cys and SFN-NAC represented the highest proportion of SFN metabolites in most tissues. For some tissues, such as prostate and lung, SFN-NAC and SFN-GSH were the most abundant metabolites, respectively. The in vivo bioactivity of each metabolite is still unclear, although it has been reported that the SFN-Cys and SFN-NAC metabolites are the bioactive intermediates targeting histone deacetylases (22) .
Interestingly, because ITC thiol conjugates can dissociate into free ITCs under physiological conditions (23) , it has been postulated that these thiol conjugates can be considered prodrugs of the parent compound (24) . Studies have shown similar efficacy from either free ITC or the N-acetylcysteine (NAC)-conjugated ITC in vitro, in cancer cells, or in rodent cancer models in vivo (24) (25) (26) (27) (28) (29) . The metabolism of the ITC and ITC-NAC compounds in the latter studies is unknown, but from the current investigation it can be expected that tissue concentrations in the mice that received the free ITCs were predominately in the form of thiol conjugates. The metabolism of orally administered ITC-NAC conjugates is unknown and would be an interesting area of future research. These differences in total and individual SFN metabolite tissue concentrations could impact the bioactivity of SFN in different tissues and merit further investigation. From the current data it is clear that thorough accounting of SFN in vivo requires analysis of at least four of the five main metabolites. These data also support the hypothesis that repeated consumption of cruciferous vegetables is required to maintain SFN metabolite concentrations in tissues.
In our study we observed striking differences between male and female Nrf2 −/− mice at the 20 μmole dose and 6 h time point. It has been reported that female Nrf2 −/− mice have significantly higher morbidity and mortality, even in the absence of apparent exogenous stress (30) . Interestingly, Ma et al. reported that 88% and 47% of the death in Nrf2
−/− female and male mice, respectively, were caused by renal failure and severe glomerulonephritis. In the present study, the Nrf2 −/− female mice in the 20 μmole SFN/6 h group had apparent toxicity after the SFN treatment manifested as lethargy, non-responsiveness, and as much as 23-fold higher concentrations of SFN metabolites in all tissues (except for the SI and colon) compared to the corresponding wild-type females (Fig. 3) . The observation that the SI and colon were the only tissues that had similar concentrations as observed in the wild-type mice indicates that the differences in tissue concentrations occur post-absorption. We speculate that the female Nrf2 −/− mice in our study had some degree of glomerulonephritis as a result of lacking Nrf2 and, upon receipt of the higher dose (20 μmole SFN), underwent acute kidney failure and could not excrete the SFN metabolites in the urine, thus leading to an accumulation in tissues and ultimately toxicity. Furthermore, it is possible that this potential kidney damage is compounding the impact of reduced inducibility of phase III efflux transporters on clearance of SFN compounds from the tissues, thus contributing to the high tissue concentrations observed.
Further studies confirming the degree of glomerulonephritis and/or altered phase III transporter expression is an important area for future research to understand the mechanisms accounting for this response in the Nrf2
females. Also, although differences between wild-type female and male mice in basal and inducible GST activity as well as hepatotoxicity have previously been reported (31-33), we did not observe a difference in SFN metabolism between wildtype males and wild-type females. Taken together, these data illuminate the need for caution when selecting either male or female Nrf2 −/− mice for xenobiotic studies.
The importance of Nrf2 in drug metabolism is well documented (34) . As expected, it has been reported that Nrf2 −/− mice have much lower expression and lack the inducibility of phase I, II, and III enzymes (30, 33, 35) . Several groups have shown that Nrf2 −/− mice are more susceptible to experimentally induced colon cancer (36) (37) (38) .
In the context of SFN treatment, one study reported that the protective effects of SFN administration in a Parkinson's disease model were lost in Nrf2 −/− mice (18) . Similarly, another group reported that topical SFN administration in a UVB-induced skin inflammation model was only able to restore sunburn cells back to basal levels in mice that were wild-type for Nrf2 (17) . The working hypothesis is that the loss in SFN-mediated protection in these models is partially attributed to altered metabolism of SFN in Nrf2 −/− mice.
In the current report, we show that SFN metabolism and tissue distribution are nearly identical between wild-type and Nrf2 −/− mice (Figs. 2 and 3) , with the exception of female Nrf2 −/− mice given 20 μmole for 6 h (see discussion above regarding these mice). Also, across genotypes there were no drastic differences in the relative abundance of each metabolite, even though the Nrf2 −/− females at the high dose and 6 h time point had dramatically higher tissue concentrations. Several aspects of drug metabolism could contribute to this apparent disconnect between SFN metabolism and Nrf2 status. For example, cross talk between the many different nuclear receptors involved in drug metabolism has been reported, and several members of the GST family are regulated independently of Nrf2 (39, 40 
